To observe the sequential radiation-induced apoptosis in a living embryo, we injected Acridine Orange (AO) solution into the yolk of embryo and visualized radiation-induced apoptosis in developing optic tectum (OT). Medaka embryos at stage 28, when neural cells proliferate rapidly in the OT, were irradiated with 5 Gy X-rays which is a non-lethal dose for irradiated embryos at hatching. The irradiated embryos hatched normally without morphological abnormalities in their brains, even though a large number of apoptotic cells were induced transiently in OT. By yolk injection, apoptotic cells in OT were distinguished as AO-positive small nuclei at 3 h after irradiation. At 8-10 h after irradiation, AO-positive rosette-shaped clusters were obviously distinguished in marginal tectal regions of OT where cells are proliferating intensely. The AO-positive clusters became bigger and more obvious, but the number did not increase up to 24 h after irradiation and completely disappeared up to 49 h after irradiation. This characteristic appearance of the AO-positive nuclei/clusters is in good agreement with our previous results, based on the examination of fixed specimens stained with AO by injection into the peri-vitelline space, suggesting that the AO-yolk injection method is highly reliable for detecting apoptotic cells in living embryos. The live imaging of apoptotic cells in developing Medaka embryos by AO-yolk injection method is expected to reveal more of the details of the dynamics of apoptotic responses in the irradiated brain and other tissues.
INTRODUCTION
When the cells are damaged by hazardous cause on their genomes, multicellular organisms activate checkpoints as surveillance mechanisms that interrupt cell cycle progression and allow for the timely repair for the maintenance of genomic stability. Furthermore, animals have the additional option of undergoing apoptosis for eliminating damaged cells which potentially become deleterious to the whole organism. 1, 2) The Medaka is an ideal model for studying the radiation effects on the central nervous system (CNS) of vertebrates, because of the wholly transparent eggs and embryos that make it possible to detect all morphological abnormalities easily in CNS using a conventional stereomicroscope. 3, 4) In addition, its smaller size than that of mammalian embryos gives an advantage of easy examination for whole-mount specimens. 5) Recent genome studies are revealing that Medaka and mammals share more than 70% of genes. 6, 7) Furthermore, it is reported that Medaka and mammals have many common mechanisms underlying brain formation. 8, 9) The optic tectum (OT) is a prominent dorsal structure in the CNS of anamniote vertebrates for an important center in the processing of visual sensory inputs. 10) This part is also one of the most differentiated areas with a clear cortical organization of neuronal elements. 11) Developing neural cells are highly sensitive to ionizing radiation both in vivo and in vitro. 12, 13) Our previous studies showed that the developing brain of Medaka embryos during a period of extreme growth of OT 10) exhibited transient radiation-induced apoptosis in the marginal proliferating OT regions by staining with acridine orange (AO), however, it was necessary to chemically fix the stained embryos prior to observation. 14) In the present study, we injected AO solution into the yolk and were able to visualize the sequential changes of radiationinduced apoptosis in the irradiated OT of a living Medaka embryo.
Since massive apoptosis were revealed to be induced transiently in the OT irradiated with 5 Gy X-rays by AO-yolk injection method and also in our previous results, 14, 15) it is expected that the cell cycle of the irradiated cells in the OT would be arrested after the irradiation. In this study, we examined cell proliferation in the OT by staining with anti phospho-histone H3 protein (anti-H3-P) antibody at the two time points when the radiation-induced apoptosis were induced and the results showed almost equal numbers of cells were proliferating in the irradiated and non-irradiated OT, suggesting that no cell cycle arrest occurred after irradiation.
MATERIALS AND METHODS

Fish and embryo
Fishes of an inbred strain, HO4C, 16, 17) were kept at room temperature (26-29°C) under a 14 h light and 10 h dark cycle and fed on powdered diet (Tetra-min, Tetra Werke Co., Mells, Germany) once a day to spawn eggs everyday.
Egg clusters were rubbed between two small pieces of paper towel to remove filaments on chorions to isolate eggs. Then, the eggs were incubated in a petri dish containing 7 ml of distilled water containing 10 -5 % ( W /V) methylene blue at 26-29°C to develop. The developmental stages of the embryos were identical to those by Iwamatsu.
18)
AO injection into yolk
One day before injection, an agarose bed to settle embryos for injection was prepared. Melted agarose (olo-28, Nakarai, Kyoto, Japan) was poured into a dish to the depth of 2 mm and a glass capillary with diameter of 1 mm (GS-1, Narishige, Tokyo, Japan) was embedded just below the surface of the poured agarose and let to be fixed. To prevent desiccation, the agarose poured dish was covered with Iwamatsu solution. 18) On the day of injection, the capillary embedded in the agarose was removed to make a "groove" and the dish was placed on a mechanical stage equipped on a stereomicroscope (SZ-60, Olympus, Tokyo, Japan). Embryos at the developmental stage 24 (16 somite stage, 44 h after fertilization), 20 h prior irradiation, were placed in the groove on the agarose in a row to be injected. Injection needle was made from a glass capillary with diameter of 1 mm (GS-1, Narishige, Tokyo, Japan) using a needle puller (PB-7, Narishige, Tokyo, Japan) and its tip was broken with a fine cotton to give diameter of 10-15 μm. The needle was filled with AO solution (170 μg/ml) using a gel loading tip (Microloader, Eppendorf, NY, USA) and set in a needle holder with a micro injector (IM-18, Narishige, Tokyo, Japan). To impale the needle into the yolk, special care was taken not to damage the ducts of Cuvier or blood vessels. Up to 50 nl, one of tenth of the egg volume (500 nl) was injected into yolk of the embryo. At 30 min after injection, the embryos were moved into an incubator and incubated further to develop at 27°C.
X-ray irradiation
The irradiation was performed using a 200-kVp X-ray machine (PANTAK-HF320, Shimadzu, Kyoto, Japan) at 200 kV and 20 mA with 0.5 mm Cu and 0.5 mm Al filters. The target-to-object distance was 50.0 cm and the average dose rate in air was 1.3 Gy min -1 . Embryos at stage 28 (30 somite stage, 64 h after fertilization), were irradiated with a single acute dose of 5 Gy Xrays, which is much lower than the LD50 for Medaka embryos 14, 15) and no malformation was induced in the irradiated embryos up to hatching (see results & discussion). Medaka embryos at stage 28 (30 somite stage, 64 h after fertilization) correspond approximately to the early fetal stage embryo of human (approximately 8-15 weeks postovulation).
8)
Observation of the sequential radiation-induced apoptosis
AO-staining method can visualize the radiation-induced apoptosis in the OT of developing embryo, 14) however, it was necessary to fix the stained embryos prior to observation. To observe the sequential radiation-induced apoptosis in a living irradiated embryo, 170 μg/ml AO solution was injected into the yolk of embryo at developmental stage 24 (16 somite stage, 44 h after fertilization), 20 h prior irradiation as described above for the following two reasons. First, injection of AO into the stage 24 embryos was more convenient and reproducible than that into stage 28 embryos. We can inject AO into the yolk of embryos at stage 24 without injuring blood vessels due to poor development of blood vessels on the yolk sac and also because the embryos at stage 24 do not show movement in their egg coats. Second, it takes 20 h for enough and stable staining of embryos at stage 28.
In our preliminary experiment, most of the non-irradiated embryos which were injected AO solution (170 μg/ml) into the yolk at stage 24 hatched normally (data were not shown).
The AO stained embryos were observed with a fluorescence microscope (MZFLIII, Leica, Wetzlar, Germany) equipped with proper filters and fluorescent images were captured using a digital camera (DC-300F, Leica, Wetzlar, Germany).
Histological examination at hatching
Medaka embryos at the time of hatching (stage 39, 6-7 days after irradiation) were anesthetized and fixed in 4% ( W /V) paraformaldehyde in 0.1 M phosphate buffer (PB) overnight at 0-4°C. The fixed embryos were dehydrated with ethanol, embedded in plastic resin (Technovit 8100, Heraeus Kulzer, Wehrheim, Germany) and sectioned frontally into a complete series of serial sections (8 μm). The sections were Nissl-stained with cresyl violet.
Immunohistochemistry
Embryos were anesthetized and fixed in 4% ( W / V ) paraformaldehyde in 0.1 M PB overnight at 4°C and then washed with PBS (-) (Dulbecco, Nissui, Tokyo, Japan) for 2 h, cryoprotected by immersing in 0.1 M PB with 20% ( W / V ) sucrose for 2 h, embedded in 5% ( W / V ) agarose (Type IV, Sigma-Aldrich, MO, USA) and 20% ( W / V ) sucrose in distilled water, frozen in n-hexane (-60°C), and serially sectioned (35 μm thick) frontally or sagittally on a cryostat. Thaw-mounted sections on poly-L-lysine-coated slides were dried by fanning at room temperature (RT).
The sections were blocked by incubation in PBS containing normal goat serum for 1 h at RT, washed in PBS and incubated with a polyclonal antibody anti-H3-P (06-570, Upstate, NY, USA) (1:200) or a polyclonal anti-cleaved caspase 3 (9661S, Cell Signaling Technology, MA, USA) (1:200) for 3 h at RT. These primary antibodies were diluted with PBS containing 0.5% ( W /V) bovine serum albumin, 0.5% ( W /V) Triton X-100, and 0.1% ( W /V) sodium azide. The sections were further incubated with secondary antibodies conjugated with peroxidase (ABC Elite kit, Vector Lab., CA, USA) or with Alexa-488 (A11034, Invitrogen, Oregon, USA) (1:1000). For use of peroxidase, additionally the sections were incubated in 3% ( W /V) hydrogen peroxide for 1 h to block endogenous peroxidase activities, prior to the blocking. The sections were incubated with biotin-labeled secondary antidobies and with avidin-biotin-horseradish peroxidase complex (ABC Elite kit, Vector Lab., CA, USA) (1:100), developed in 0.05% diaminobenzidine (DAB) and counterstained with cresyl violet for 1.5 min. For fluorescent images, nuclei were stained with Hoechst 33342.
Stained embryos were mounted and examined with an Axiophoto microscope (Axioskop 2, Zeiss, Göettingen, Germany) and fluorescent images were obtained with a fluorescence microscope (Eclipse E600, Nikon, Tokyo, Japan).
Quantitative evaluation of anti-H3-P labeled cells
To evaluate the effects of cell proliferation following 5 Gy X-ray irradiation in developing OT quantitatively, we counted the number of anti-H3-P labeled cells/OT in transverse sections at the level of mid-mescencephalon, where optic nerve was present in the section with the eyes. By using this standard to select sections, we counted the identical area of OT among different individuals in the experiments.
These anti-H3-P labeled cells were counted under a microscope (Axioskop 2, Zeiss, Göettingen, Germany) at the magnification of 400. Differences in the numbers of anti-H3-P labeled cells in the OT between the non-irradiated and the 5 Gy irradiated embryos were tested with Student t-test. A p value less than 0.05 was considered to be statistically significant and that less than 0.01 was considered to be highly statistically significant.
All procedures in this study have been approved by the NIRS Institutional Animal Care and Use Committee.
RESULTS
Apoptotic cells in OT were appeared as AO-positive small nuclei at 3 h after irradiation and AO-positive rosette-shaped clusters in OT were obviously distinguished later than 8-10 h after irradiation, while AO-positive nuclei or rosetteshaped clusters were rarely visualized in OT just after irradiation or without irradiation (Fig. 1C) . The AO-positive clusters became bigger and more obvious, but its number did not increase up to 24 h after irradiation (Fig. 1E, F) . The region where the AO-positive clusters localized was the marginal tectal regions of OT (arrows in Fig. 1D-G) and it is reported that cells located in this regions are proliferating intensely. 10) When the brain of the embryo irradiated with 5 Gy X-rays was sectioned frontally and stained with anti-cleaved caspase 3 antibody at 24 h after irradiation, clusters of cells were stained in the marginal tectal regions of OT (arrowheads in Fig. 2D ) and in the retinal neurons of the eyes (arrow in Fig. 2D ), where the AO-positive clusters were localized (Fig. 1E, F) . It strongly suggests that the AO-positive clusters visualized by the yolk injection method are the aggregated apoptotic cells induced by X-ray irradiation which have been demonstrated by TEM observation in our previous study.
14)
The yolk injection method in this study further revealed the sequential changes of the AO-positive nuclei in OT of living Medaka embryos. At 35 h after irradiation, the number of the AO-positive nuclei gradually decreased (Fig. 1G) and completely disappeared at 49 h after irradiation (Fig. 1H) , indicating that almost all of the apoptotic cells disappeared within 49 h after irradiation. This appearance of the AOpositive nuclei/clusters is in good agreement with the results of the previous reports, in which AO was injected into the peri-vitelline space to visualize apoptotic cells in OT 14) and microscopic observation without staining of apoptotic cells. 15) This suggests that the yolk injection method employed in this study is highly reliable for detecting apoptotic cells in living embryos.
The histological examination of the X-rays irradiated embryos at the time of hatching (stage 39, 6-7 days after irradiation) showed no disturbed lamination of retinal neurons (Fig. 3B ) nor other morphological abnormalities in the torus longitudinalis (Fig. 3D) , in contrast Medaka embryos irradiated with 10 Gy X-rays at stage 28 induced abnormal development of the brain. 15) These results indicated that irradiation of 5 Gy X-rays induced no morphological abnormalities in CNS of the irradiated Medaka embryos, although it transiently induced massive apoptosis in OT and the other tissue of the embryo (Fig. 1, 2) .
It was expected that the cell cycle of the irradiated cells in OT would be arrested because of damages in their genomes. To evaluate the frequency of proliferating cells in OT, the sectioned brain was stained with anti-H3-P antibody at the two time points of 6 h (Fig. 4A, B ) and 24 h (Fig. 4C -G) after irradiation with 5 Gy X-rays. Anti-H3-P positive cells in OT of non-irradiated embryos at 6 h after stage 28, were observed in ventricular neuroepithelial stem cells located in the dorsal regions (arrowheads in Fig. 4A ) and at 24 h after stage 28, were distinguished only in the peripheral regions of OT (arrowheads in Fig. 4D ). This difference of staining pattern with anti-H3-P in OT between the two time points was in good agreement with those obtained with 5-bromo-2'-deoxyuridine (BrdU) immunohistochemistry. . gcl = ganglion cell layer; inl = inner nuclear layer; ipl = inner plexiform layer; L = lens; onl = outer nuclear layer; opl = outer plexiform layer; OT = optic tectum; TL = torus longitudinalis; Scale bar = 50 μm.
10)
Fig. 1. Time-lapse changes of apoptosis in a living embryo which was injected with AO into its yolk and irradiated with 5 Gy X-rays (A-E, G, H) Lateral views. (F) A dorsal view of irradiated embryo at 24 h after irradiation. After fixation in 4% (
Moreover, the strong anti-H3-P positive cells were localized in proliferating neural tube such as the periventricular ependymal cells (asterisks in Fig. 4D ) and retinal neurons of the eyes (Fig. 4A, D) in the ventral regions, 8, 19) indicating that this marker can be used to assess the proliferating cells in the CNS of Medaka.
At 6 h after irradiation when many single apoptotic cells were observed in the OT (Fig. 1D) , 79.3 ± 3.2 and 82.7 ± 3.1 of cells (mean of positive cells in OT ± SEM, n = 5) were strongly anti-H3-P positive in the control and irradiated embryos (Fig. 4A, B) , respectively, and there was no statistically significant difference between them (p = 0.098) (Fig. 5) . At 24 h after irradiation when apoptotic cells formed the aggregates of rosette-shaped clusters in the OT (Fig. 1E, F) , the appearance of anti-H3-P positive cells in OT was not different between control and irradiated embryos by examination of frontal (Fig. 4D, E ) and sagittal sections (Fig. 4F, G) . In frontal sections of OT (Fig. 4D, E) , 55.5 ± 11.6 and 49.5 ± 5.1 of cells were strongly anti-H3-P positive in the controls and irradiated embryos (mean of positive cells in OT ± SEM, n = 4), respectively, and there was no statistically significant difference between them (p = 0.378) (Fig. 5) . Furthermore, some anti-H3-P positive cells were localized very near to the rosette-shaped aggregates of apoptotic cells in sections of the irradiated OT (arrows in Fig. 4C, E) , suggesting that cell proliferation was not suppressed even around the clusters. The frozen section at 6 h after irradiation (B) and that of control (A). The frozen section at 24 h after irradiation (E) and that of control (D). Anti-H3-P labeled positive cells in non-irradiated embryos at 6 h after stage 28 were observed in ventricular neuroepithelial stem cells in the dorsal regions (arrowheads in A) and at 24 h after stage 28 were distinguished in the peripheral regions of OT (arrowheads in D) and periventricular ependymal cells (asterisks in D). The aggregated apoptotic cells (arrow in E) and the magnified image of another aggregated apoptotic cells (arrows in C). Midsaggital section of CNS at 24 h after stage 28 (G) and that of control (F). Rostral to the left. OT = optic tectum; RE = retina; TG = mescencephalic tegmentum; V = ventricle; II = optic nerve. Scale bar = 50 μm.
DISCUSSION
Apoptosis is a dynamic biological process and occurred transiently, eliminated rapidly by phagosome such as macrophages or polynuclear leukocytes, and sequential observation of apoptosis using unfixed, living embryo is prerequisite to investigate the dynamics of apoptosis in vivo. Furutani-Seiki et al. 20) reported the sequential observation of apoptosis during the development of nervous system in living normal zebrafish embryos by injection of AO into their yolk, however, there is no report about the application of this method to the Medaka embryos. In the present study, we found that the yolk injection method is also useful on Medaka embryos which belong to different teleost lineages from zebrafish in phylogenetic distance and in biological features 5, 21) and, observed the sequential radiation-induced apoptosis with a precise time course of apoptotic changes in a living embryo.
The sequential radiation-induced apoptosis could be visualized by the yolk injection method with less artifact caused by chemical fixation. Apoptotic cells in OT first appeared as the AO-positive small single nuclei and then formed rosetteshaped clusters at the marginal tectal regions up to 24 h after irradiation. The clusters gradually decreased in number and completely disappeared within 49 h after irradiation. This characteristic appearance of the apoptotic cells in the irradiated OT is same as that reported in our previous reports based on the examination of fixed specimens, 14) indicating that aggregation of apoptotic cells in OT is not an artifact of chemical fixation. In the previous reports, it was shown by electron microscopy that the AO-positive clusters in the irradiated OT is an aggregation of apoptotic cells. 14) The present data that activated caspase 3 positive cells form clusters in the irradiated OT strongly support the view that the AOpositive clusters in the OT are aggregations of apoptotic cells.
In general, radiation-induced DNA damages induce cell cycle arrest and the irradiated cells repair DNA damages before the cells restart their cell cycle. X-rays of 5 Gy irradiation of Medaka embryo induced massive apoptosis in OT and also induced DNA damages in all cells composing the embryo. So, it is expected that the cell cycle of the irradiated cells in the OT was arrested after the irradiation. Hidaka et al. found that gamma-ray (10 Gy) irradiated Medaka cultured cell (CABe3) arrested cell division completely up to 8 h after irradiation (Hidaka et al., personal communication). From this finding, it is expected that the cell cycle arrested at 6 h after irradiation in the irradiated OT, however, the number of mitotic cells stained with anti-H3-P in this study were almost equal in the control and the irradiated embryos, suggesting that the cells in OT do not arrest the cell cycle at 6 h after irradiation. It appeared that cell proliferation was not arrested both at 6 h and 24 h after irradiation, suggesting that occurrence of apoptosis in the irradiated OT was not cell cycle dependent. Heyer et al. 22) reported that early mouse embryo is hypersensitive to DNA damage induced by low-dose irradiation and undergoes apoptosis without cell cycle arrest. Since cells are proliferating intensively and developmental schedule can not be paused in both situations of early mouse embryo and in Medaka developing OT, DNA damage could induce apoptosis without cell cycle arrest in such "busy" tissues. On the other hand, during this developmental period, the cell cycle is extremely shortened than adult cells 23) and it could be possible that very rapid accurate repair of DNA damage might occur in Medaka developing brain and the cell cycle arrest was very short.
The present study revealed that in Medaka embryos irradiated with 5 Gy X-rays, massive apoptosis are transiently induced in OT and they will be removed completely within 49 h after irradiation. The irradiated embryos can overcome the radiation-induced damages during their development without histological abnormalities at the time of hatching, even though a large number of apoptotic cells are induced in their OT and other tissue of embryos. It is still unclear, however, how the rosette-shaped clusters are formed and how these clusters are phagocytosed in the irradiated OT. One possibility is that the rosette-shaped clusters are the clonal clusters of dead cells formed after several cycles of cell division before apoptosis, which has been proposed by Shinomiya. 24) However, in the irradiated OT, the apoptotic clusters were formed within 24 h after irradiation and the period would be too short for cells to go through several cycles and die to form the clusters. Whereas, it might be possible that a single apoptotic cells aggregated to form the rosette-shaped clusters at restricted regions of OT for efficient removal of the apoptotic cells, however, cells with phagocytotic function such as macrophage were not observed around the rosette-shaped clusters by the electron microscopic observation in our previous study. 14) In another reports, 25, 26) it has been demonstrated that apoptotic cellular debris are phagocytosed by glial cells in the embryonic Drosophila CNS. We need further investigation about which cells are engaged in phagocytosis of apoptotic clusters in the brain of Medaka.
The yolk injection method described in this study revealed the sequential change of radiation-induced apoptosis in more details for their low background of AO than the previous method in which AO was injected into the peri-vitelline space 14) and, furthermore, this new method is so simple that the AO-staining in the irradiated OT are highly reproducible. Live imaging of AO-stained Medaka embryos using the yolk injection method is expected to show the details about the mechanisms of the rosette-shaped clusters formation and phagocytosis in the irradiated OT and will reveal the dynamics of radiation-induced apoptosis in living embryo of Medaka.
